Introduction
Homozygous hemoglobin C disease is manifested by mild hemolytic anemia, splenomegaly, and striking morphologic abnormalities of the red cells (1) . Most of the red cells have the appear-ance of target cells or of microspherocytes, but rare erythrocytes contain crystal-like inclusions of hemoglobin (2, 3) . The number of cells containing inclusions is increased when drying of blood films is retarded (4) . Osmotic dehydration, produced by suspension of the cells in 3% NaCl solution, results in the formation of crystalloid inclusions in virtually every red cell (5) . Inclusions can be produced in red cells of persons with various heterozygous hemoglobin C disorders, but under comparable conditions, they have not been encountered in red cells containing no hemoglobin C. These observations suggest that the solubility of hemoglobin C is uniquely low within the red cell (5, 6) , although its solubility in concentrated phosphate buffers differs little from that of hemoglobin A (7, 8) . The purpose of the present study was to investigate the solubility of hemoglobin C and to determine the effects of the hemoglobin on the physical properties of erythrocytes. 1795 Methods Blood was collected from patients with various hemoglobinopathies and from normal persons, using 1/10 volume of EDTA-NaCl (1.5 g Na2EDTA plus 7.0 g NaCl/1000 ml water) as anticoagulant. Studies were completed within 6 hr of blood collection. Red cells were counted electronically (Coulter Couniter, Model A, Coulter Electronics, Hialeah, Fla.) and hemoglobin concentrations were obtained with the use of a commercial hemoglobin standard (Acuglobin, Ortho Diagnostics, Raritan, N. J.). Mean corpuscular hemoglobin concentrations (MCHC) of red cells which had been separated by ultracentrifugation were calculated on the basis of their microhematocrit value (Adams Micro-Hematocrit Centrifuge, Clay-Adams, Inc., New York, N. Y.). All other MCHC are based on Wintrobe hematocrit value. Hematologic data from patients with hemoglobin C disease, and from three patients whose blood smears contained many target cells, but whose hemoglobin was normal, are presented in Table I .
Production of intracellular crystals. Two drops of blood were added to 2 ml of salt solution and incubated at various temperatures. The proportion of cells containing crystal-like inclusions was estimated after 1-24 hr by counting 200 cells in wet preparations. In studies of the effect of osmotic strength on crystal formation, stock solutions of NaCl containing 2000-3000 mOsm/ liter were diluted with 0.1 M Tris-HCl, pH 7.40, pH was readjusted to 7.4-7.6 with HCl, and osmolarity was again determined (Advanced Instruments 65-31 osmometer, Advanced Instruments, Newton Highlands, Mass.). The effect of propane upon crystal formation was measured in tightly stoppered 40-ml test tubes containing red cells suspended in 2 ml of 3% NaCl solution. Individual samples for each time period were flushed at least 10 times with either nitrogen or propane (Bernzomatic Pro-pane Fuel, Bernzomatic Corporation, Rochester, N. Y.), incubated at 37°C for 1-5 hr under a positive pressure of 300 mm Hg, and the proportion of crystal-containing cells was estimated in wet preparations immediately after opening each tube. In some experiments, tubes containing oxygen were used as controls.
Ultracentrifugal separation of red cells. Red cells were separated by centrifugation at 2000 g for 10 min and then for 2 hr at an average centrifugal force of 51,000 g in the SW39L rotor of a Beckman model L preparative ultracentrifuge (Beckman Instruments, Inc., Palo Alto, Calif.). Supernatant plasma and white cells were removed, and the column of packed red cells was sliced into quarters. Each fraction was resuspended in autologous plasma; microhematocrit, hemoglobin content, and red cell count were measured; and the samples were utilized for further studies. In certain experiments, cohorts of radioactively labeled young red cells were required. To obtain these, we injected 5 /Ac of citrate-39Fe intravenously into two patients with homozygous hemoglobin C disease and into a normal volunteer. Blood samples were obtained at weekly intervals thereafter, subjected to ultracentrifugation, and the fractions obtained were counted in a Picker Spectroscaler III A well counter (Picker X-Ray Corp., White Plains, N. Y.)
Red cell filtration. Measurements of the passage of red cells through membrane filters were carried out by modifications of previously described methods (9, 10) . Red cell suspensions containing 10-20 X 103 cells/mm' were established by mixing 0.01-0.03 ml of whole blood with 10 ml of 0.01 M Tris-HCl buffered NaCl solution, pH 7.4 (Tris-NaCl), containing 300, 350, or 400 mOsm/ liter. Samples of 0.1 ml of suspension were withdrawn before filtration, for determination of red cell concentration.
Filters were obtained from the Millipore Filter Corporation, and were 2.5 cm in diameter. They were of average pore size 1.2, 3, 5, and 8 /A.' The filter support, supplied by the filter manufacturer, was found to retain a significant number of red cells, and was replaced by a Lucite funnel of similar dimensions which contained no sintered glass disk. The filter, although supported only at its periphery, withstood the applied pressure of 2.0 ± 0.5 cm Hg. The filter funnel (XX10 025 04, Millipore Filter Corp., Bedford, Mass.) contained 10 ml of suspension; the entire sample was filtered, and red cell concentration in the filtrate was measured. Recovery of red cells was expressed as a per cent of the initial concentration. Normal red cells, suspended in buffered NaCl solution, did not pass through 1.2 1' pores, but they passed readily through filters of average pore size 3, 5, or 8 1. During filtration, red cells passed through the filter more slowly than did the suspending medium. The rate of red cell filtration was quite variable. The proportion of the initial number of cells which was recovered in the filtrate was less variable, but depended upon the pore size and the concentration and volume of the initial suspension. Increased filtration pressure increased the rate of filtration, but did not significantly affect the proportion of cells recovered. Red cells did not traverse the filter at all if the pH of an isotonic suspending medium was below 7.2. Detailed analyses of the factors involved in red cell filtration will be published elsewhere (J. R. Spurrell, U. Gessner, and S. Charache, manuscript in preparation). Viscometry of red cells and hemolysates. Red blood cells, separated from plasma by a brief centrifugation, were suspended in 10 volumes of Tris-NaCl solution, incubated at room temperature for 30-40 min, and then centrifuged for 1 hr at 8000 g in a refrigerated centrifuge. Hemolysates, prepared from washed red cells using CCl4 and distilled water, were cleared by centrifugation, 1 RAWP 025 00 (1.2 js); SSWP 025 00 (3 1s); SWWP 025 00 (5 A); SCWP 025 00 (8 A). concentrated by ultrafiltration and pervaporation through moistened dialysis tubing, and diluted when necessary with Tris-NaCl, 300 mOsm/liter. Invariably, a sediment was present in concentrated samples of hemoglobin C, but not in samples of hemoglobin A. Initially, viscosity determinations were made with an unmodified Brookfield LVT cone-plate viscometer (Brookfield Engineering Laboratories, Inc., Stoughton, Mass.) It became apparent that the viscosity of a given sample determined at a particular time was strongly dependent upon the technique of preceding measurements, in particular, applied shear rates, time between measurements, and temperature. Results obtained during a given sequence of measurements could not be duplicated during a second set of measurements on the same sample. Surface denaturation at the air-protein interface was considered to be the most important contributor to nonreproducibility, via the surface film which extended from the stationary walls of the sample cup to the shaft of the rotating cone, or to the cone itself. Effects of this presumed surface film were minimized by placing a guard ring between the sample cup and the cone.
The essential modification of the apparatus is shown in Fig. 1 . A stainless steel guard ring is mounted on the same shaft as the bearing which supports the cone; this shaft is coupled directly to the motor, while the cone is coupled to it, as usual, by means of a torsion spring. The cone, also constructed of stainless steel, is reduced in thickness to 0.040 inch at the center, so that it can be completely covered by a sample of 6 ml of fluid. The circumference of the shaft of the cone has been reduced by decreasing its diameter to 0.1875 inch.
The effects of the surface film are exerted only in the region between the guard ring and sample cup: with the exception of periods of acceleration or deceleration, the cone, the guard ring and the fluid above the cone move at the same angular velocity. During transient periods of changing velocity, the effect of the surface film is small, for its area is large with respect to the circumference of the shaft of the cone at the point of contact.
Certain other modifications of the viscometer have proved useful. An inlet, at the base of the sample cup, permits introduction and withdrawal of samples without dismantling the apparatus. Not shown in Fig. 1 are modifications in the tube which supports the sample cup. Gas ports have been provided, to permit maintenance of a desired atmosphere, and a heating element has been placed above the guard ring. This element maintains the section of the viscometer above the guard ring at the same temperature as that of the sample cup, and prevents condensation of water vapor within the machine. The guard ring is fenestrated, to permit circulation of gas and to facilitate cleaning and removal of the cone. Holes are also provided to give easy access to counterweights in the vicinity of the cone-support bearing.
Measurements were carried out at 370C and at shear rates of 1.15-23.0 sec1. After measurements of viscosity, the microhematocrit value of red cell suspensions, or the hemoglobin content of hemolysates, was measured. If the microhematocrit value did not exceed 97%, the results of the experiment were discarded. Differences in the viscosity of normal and CC red cells were evaluated by means of the t test. In studies of the viscosity of target cells and microspherocytes which had been separated by ultracentrifugation, it was necessary to use 3-ml samples. Surface denaturation was not detected within the 5-10 min necessary for measurements of these samples.
Solubility of hemoglobin. Solutions used in these studies either were saturated with carbon monoxide or contained a final concentration of 10 mg/ml of sodium dithionite. Measurements were made at 20-230C. Phosphate buffers, pH 7.2, of desired ionic strength, were prepared according to the nomogram of Green (11) . In addition, buffers of 2-20 X these concentrations were prepared.
Undialyzed hemolysates were concentrated by ultrafiltration for several days. Concentrated buffer (0.5-0.05 ml) was added to 0.5-0.95 ml of hemolysate, to give approximately the desired final ionic strength. If a precipitate formed immediately, more buffer of the desired final ionic strength was added until most, but not all, of the hemoglobin precipitate had dissolved. Samples were centrifuged, and supernatant solutions were decanted and filtered through Whatman No. 1 filter paper, when practical. Hemoglobin concentration in the supernatant fluid was measured as cyanmethemoglobin, after prolonged exposure to Drabkin's solution (1 g NaHCO,, 0.05 g KCN, 0.2 g KsFe(CN)e/liter H20).
Mean corpuscular volume. Red blood cells from two CC patients and from two normal persons were suspended in filtered (0.45 , HAWP 04700, Millipore Filter Corp., Bedford, Mass.) Tris-NaCl solutions of known tonicity. Mean corpuscular volume (MCV) was measured electronically (MCV Computer, Coulter Counter Model B, Coulter Electronics, Hialeah, Fla.). In addition, red cells from these individuals were washed three times with the same Tris-NaCl solutions, suspended in an equal volume of the appropriate solution, and MCV was calculated from the red count and hematocrit value.
Results

Formation of inclusions within red cells. When
CC cells were incubated in 3%o NaCi, hemoglobin first aggregated in irregular masses. With time, these aggregates developed a crystal-like appearance. Often two or three hexagonal inclusions formed within a cell, while the remainder of the cell appeared free of hemoglobin ( Fig. 2A ). Normal red cells rapidly crenated in 3%o NaCl, but CC cells did not; crystals were never seen in normal cells.
Ã~~~~~~~~~~K~AZk .A~~~~~' FIG. 2. CRYSTALS OF HEMOGLOBIN C. A, Red cells from a CC hemozygote suspended in 3% NaCl solution for 6 hr at 37°C (X 1400); B, Hemolysate concentrated by ultrafiltration for 36 hr at 4°C (X 1400); C, Hemolysate concentrated for 4 days at 4°C (X 120).
The rate of crystal formation was temperature dependent. Inclusions appeared within 1 hr at 560C, but the cells hemolyzed shortly thereafter. Crystals were formed within 4 hr at 370C, but the cells did not lyse, and this temperature was chosen as the standard condition for incubation. Crystal formation was delayed at room temperature, and did not occur within 24 hr at 40C. Preincubation at 00C did not alter the rate of crystal formation during subsequent incubation at 370C.
The rate of crystallization was not pH dependent over the range pH 6-8. Crystals formed somewhat more readily in NaCl and KCl solution than in sucrose solution of the same osmolarity ( Fig. 3 ). Crystallization proceeded most rapidly in solutions which contained 900-1100 mOsm/ liter; the MCHC of CC cells in these solutions exceeded 48 g/100 ml. Crystal formation was inhibited by salt concentrations of 1500 mOsm/liter (0.75 mole/liter) or higher. Crystallization was facilitated by exposure of CC cells to a positive pressure of 300 mm Hg of either nitrogen or propane ( Fig. 4 ). Sickling of SS cells was inhibited by propane under these conditions, as previously reported by Murayama (12) .
In dried films prepared from CC blood, which had been incubated in 3% NaCl, microspherocytes appeared to have been replaced by cells containing crystals. To determine whether crystals formed preferentially in microspherocytes, we subjected CC blood to ultracentrifugation. The uppermost As anticipated from their appearance on blood films, microspherocytes were smaller than target cells and their MCHC was higher (Table II) . Cells from the bottom of a tube of centrifuged normal red cells were also smaller than cells from the top and their MCHC was higher, but the dif- ference between top and bottom layers was much less striking than that encountered with CC cells.
When a cohort of normal red cells is labeled with 59Fe and blood samples are subjected to ul- tracentrifugation during succeeding weeks, the label initially appears at the top of the red cell column and gradually moves downward as the cells become older (13, 14) . To determine whether CC cells behaved in a similar fashion, we administered isotope to two patients. Radioactivity was initially localized to the top layer of the centrifuge tube, in patients as in the normal control (Table II). Over a 6 wk period, radioactivity gradually descended to the middle of the red cell column of each of the CC patients, but remained in the uppermost quarter of that of the control. The MCHC of the microspherocytes in the bottom layer ranged from 38-41 g/100 ml during that 6 wk period. Although intraerythrocytic crystals were never noted when unaltered CC blood was suspended in isotonic solution, very rare crystal-containing cells were noted in suspensions of separated microspherocytes. When crystal formation was directly compared in microspherocytes and target cells, the salt concentration required for optimum crystal formation in target cells was higher than that required for crystal formation in microspherocytes (Fig. 6 ). The MCHC of microspherocytes in 2%o NaCl was 49 g/100 ml, while that of target cells in 3% NaCl was 47 g/100 ml. After a critical hemoglobin concentration had been achieved within the cell, exposure to solutions of higher salt content inhibited the process of crystal formation.
Solubility of hemoglobin C. Formation of crystals within CC cells, which had been dehydrated, suggested that hemoglobin C is less soluble than hemoglobin A. Hemolysates from normal persons and CC patients were concentrated by ultra- filtration. Myriads of crystals of hemoglobin C (Fig. 2B ) appeared in solutions with a supernatant hemoglobin concentration of 34-36 g/100 ml; more concentrated hemoglobin C solutions could not be produced. Crystals did not appear in hemolysates of normal blood at hemoglobin concentrations of 46 g/100 ml. Even higher concentrations of hemoglobin A could be achieved. The hemoglobin C crystals were similar in size and shape to the crystals which formed within red cells ( Fig. 2A) . Storage of the hemolysates in the cold for several days produced larger, more perfect crystals (Fig. 2C ). Neither the crystals within red cells nor these much larger crystals showed detectable birefringence, when examined with a polarizing microscope. Dialysis of hemolysates against 0.001 M phosphate buffer, pH 7.2, for 3 days did not prevent crystal formation when the sample was concentrated; after dialysis against 0.001 M phosphate buffer for 1 wk, with many changes of the dialyzing fluid, crystals could no longer be produced. A difference in the solubilities of hemoglobins A and C could be demonstrated in a well-defined system (Table III and Fig. 7 ). Precipitates of CO-hemoglobin formed only in buffers of high ionic strength; in the latter buffers hemoglobin C was less soluble than hemoglobin A. Deoxyhemoglobin was less soluble, and precipitates formed in each of the five buffers studied. Hemoglobin C was slightly more soluble than A in the more concentrated buffers, but the reverse was true in buffers of ionic strength 1.2 and 0.6. It should be noted that the buffer of ionic strength 0. Red cell filtration. Equal numbers of AA and CC cells were suspended in a large volume of buffered NaCl, which contained 400 mOsm/liter. Successive 10-ml portions of suspension were passed through a single filter until the filter became clogged. The proportion of each type of cell in the filtrate was determined by electrophoresis of the hemoglobin.
The first sample of filtrate contained predominantly hemoglobin A (Fig. 8) the filter were washed out; they were predominantly CC cells.
The relation between time and recovery of red cells was studied by analyzing filtration of a single 10 ml sample as a series of aliquots. Fig. 9 depicts results for a variety of cell types, each analyzed separately. All cells were suspended in buffered NaCl solution containing 300 or 400 mOsm/ liter. CC cells appeared in the filtrate much later than did normal cells and their recovery was smaller. Cells from persons with heterozygous hemoglobin C disorders appeared more slowly than normal cells, but more rapidly than CC cells; their difference from normal was most marked in the hypertonic medium.
Comparisons using 10-ml samples, indicated that there was no tonicity at which CC cells filtered as readily as AA cells (Fig. 10 ). Recovery of AA cells was greatest when they were suspended in solutions containing 300 mOsm/liter, while recovery of CC cells was optimal in more dilute suspending media. If tonicity was increased or decreased, filtration became progressively slower and eventually the filter clogged, suggesting that the cells could no longer enter the pores of the filter. It should be noted that discrimination between AA and CC cells was best with filters of average pore size 3 or 5 IA, an average pore size less than the normal red cell diameter.
Although recovery of AA cells decreased before that of CC cells as tonicity was decreased, the reverse was true if tonicity was increased. CC cells became nonfilterable at 400 mOsm/liter, and AA cells did so at 500 mOsm/liter. The MCHC of the two cell types became approximately equal when they were suspended in these media (Table   IV) ; neither type of cell contained visible crystals.
In general, impairment of filtration was related to the proportion of hemoglobin C in the hemolysate, and also to the number of target cells seen on blood smears. Impaired filtration was also found in blood samples from patients with a variety of other hematologic disorders (Table V) . Some types of red cells showed no change in filterability with altered tonicity of the suspending medium, and a few showed improved filtration after suspension in hypertonic solution. The only samples which resembled CC cells were those which con- 
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A tained appreciable numbers of target cells. Filtration of blood samples from three patients whose smears contained many target cells, but whose hemoglobin type was normal, yielded results which were indistinguishable from those obtained with CC cells (Table V) . Clinical characteristics of these patients are included in Table I ; each appeared to have hemolytic anemia. These patients are referred to again in the results of studies of viscosity of packed red cells; their red cells did not form crystals when suspended in 3% NaCl. Viscosity of packed red cells. Packed normal red cells, with a microhematocrit value in excess of 97%o, behaved as a non-Newtonian fluid. Viscosity varied from about 100 centipoise (cp) at a shear rate of 11.5 sec' to about 200 cp at 1.15 sece (Table IV) . Viscosity of normal red cells appeared to be increased somewhat after the cells had been suspended in buffered saline containing 400 mOsm/liter, but that change was not statistically significant (P = 0.3). CC cells were more viscous than normal cells when suspended in isotonic plasma, and much more viscous in solutions containing 400 mOsm/liter; these differences between AA and CC cells were statistically significant (P < 0.01, Fig. 11 ). In solutions containing 500 mOsm/liter, CC cells were about four times as viscous as AA cells. AA and CC cells were ultracentrifuged from EDTA plasma, and the viscosity of old and young cells was compared (Table II) . Although normal cells from the bottom of the red cell column did not differ from top layer cells, CC microspherocytes from the bottom layer were definitely more viscous than target cells from the top of the tube. Red cells from a patient with hereditary spherocytosis (HS) before splenectomy, oxygenated red cells from a patient with sickle cell anemia, target cells from persons with hereditary persistence of fetal hemoglobin and from the three patients whose smears contained many target cells, but whose hemoglobin was normal, all had normal viscosity (Table VI) .
Viscosity of hemolysates. Hemolysates prepared from AA an-d CC blood were non-Newtonian fluids; their viscosities did not differ at hemoglobin concentrations below the MCHC of normal red cells ( Fig. 12, 35 g Hg/lOG ml). Measurements of hemolysates with concentrations above 35 g/100 ml appeared to show a difference between hemoglobins A and C. These selected data yielded straight lines when plotted according to: 
where / is relative viscosity, [v] is intrinsic viscosity, and C is concentration in g/100 ml (15) . Covariance analysis (16) indicated that there was a significant difference between the two types of hemolysate, for their elevations differed at a confidence level of < 1o%. Measurements of CC hemolysates at higher hemoglobin concentrations could not be carried out, because of crystallization of hemoglobin C. 37 2.86 2.5 Spherocyte (HS) 37 2.86 2.4 Sickled cell 34 3.10 Approx. 300 (25) CC microspherocyte 39 2.71 8.4 Crystallographic data suggest that the dimensions of the hemoglobin molecule are 64 X 55 X 50 A (53) . If the molecule were a rectangular prism it would occlude a volume of 1.76 X 105 A'; if it were a freely rotating ellipsoid, it would occlude 4.7 X 10' As. Mean corpuscular volume. CC cells exhibited less pronounced changes in MCV, after suspension in hyperor hypotonic solutions, than normal cells did (Fig. 13 ). Relative volumes of AA and CC cells were compared with relative tonicity of the suspending media with the use of:
where Vt is MCV in a solution containing t mOsm/ liter, V0 is MCV in an isotonic reference solution (306 mOsm/liter); and T is t/306. The constant k reflects the deviation of the behavior of red cells from that of perfect osmometers (17) 
Discussion
Crystals of hemoglobin C appeared in hemolysates when the hemoglobin concentration exceeded 35 g/100 ml; they were not seen in red cells until the MCHC exceeded 45 g/100 ml. Either the physical or the chemical environment of the interior of the red cell prevented intracellular crystallization until this very high hemoglobin concentration was exceeded. An increase in the tendency of hemoglobin to crystallize after it is removed from the interior of the red cell has been described for other species (18) , and attributed to the mode of packing of hemoglobin within the cell.
Although hemoglobin C formed crystals readily when red cells were suspended in 3% NaCl solution, hemoglobin A did not. This difference might reflect a difference in solubility, or it might reflect a difference in the time required for precipitation, or for crystallization per se. The last of these hypotheses is improbable, for amorphous precipitates did not form in AA hemolysates at very high hemoglobin concentrations. The second possibility cannot be eliminated, but neither crystals nor precipitates formed in AA hemolysates after ultrafiltration for periods as long as 1 wk.
In contrast to its behavior in concentrated salt solution (7, 8) , hemoglobin C is less soluble than hemoglobin A in phosphate buffers of low ionic strength. The difference in solubility of the two hemoglobins is not great, but extrapolation of the solubility curves to lower, physiologic, ionic strengths suggests that greater differences would be encountered if measurements could be made under such conditions. Both hemoglobins A and C are less soluble when deoxygenated than when exposed to carbon monoxide. This difference in solubility of forms of hemoglobin A has been known for many years (19) , and similar findings for hemoglobin C have been reported by Huisman et al. (7) . Decreased solubility of deoxygenated hemoglobin C was reflected in studies of crystal formation, where red cells deoxygenated by incubation under nitrogen formed many more crystals than those incubated under oxygen. Even normal red cells develop crystals if they are suspended in a deoxygenated hypertonic solution and then allowed to dry slowly between slide and cover slip (4, 20) . Deoxygenation may play some role in the pathogenesis of CC disease, but that role is probably of little importance, for oxygenated CC cells exhibited strikingly abnormal physical properties.
These abnormal properties were demonstrated by measurements of filtration through membrane filters and by measurements of the viscosity of packed red cells. Both types of measurement are thought to reflect primarily the plasticity of cells (9, 10, 21-23), but cell size and shape, as well as membrane smoothness, stickiness, and charge, cannot be disregarded.
Preliminary analyses of the process of membrane filtration suggest that some types of cells may be completely nonfilterable, while others traverse the channels of the filter more or less slowly than normal cells do. To a first approximation, in a filter of average pore size of 3 ,u, 83% of the surface is composed of pores (24) ; if the unobstructed surface has a radius of 1 cm, there are 4 X 107 pores available. This is to be compared with the approximately 108 red cells present in 10 ml of suspension. Although there are slightly more red cells than pores on the filter surface, there are probably many more channels within the filter. Electron micrographs of carbon replicas of the surfaces of membrane fitlers suggest that they are composed of a mesh of cellulose ester fibers, and that their internal structure is a branching interconnected network of channels rather than an array of parallel independent tubes (T. E. Willmarth, personal communication). The filters used in these experiments were 150 + 10 u thick, at least 15 times the red cell diameter, and it is probable that there are at least 15 bifurcations in any given path through the filter, yielding a total number of potential channels, at least equal to the total number of red cells used in 10 ml of suspension.
If the number of channels equals or exceeds the number of cells, recovery (R) of any given type of cell can be described by a function of the type: R = 1-Tc/Tm -Q where T, is the time for cells to traverse the filter, Tm is the time required by the suspending medium, and Q is the proportion of cells which are nonfilterable, by virtue of size, shape, or complete inflexibility. T, would be expected to depend, not only on plasticity of red cells, but on interactions between their surface and the surface of the channels in the filter. In Fig. 8 , the fact that more than 40 ml of the filtrate could pass through the filter before plugging suggests that there were considerably less than 4 X 107 nonfilterable cells in that volume of suspension. In Fig. 9 , differences between AA and CC cells were examined by use of a single 10 ml sample: it would appear that the first CC cells were just beginning to emerge from the filter as the final drops of suspending medium entered it. Retardation of the passage of CC cells through the filter appeared to reflect the presence of target cells, rather than hemoglobin C per se, for similar retardation of filtration was displayed by target cells from patients with other types of inherited and acquired hematologic disorders. Because of the lack of specificity, the cell defect responsible for decreased transport of hemoglobin C cells through membrane filters was not characterized further.
Measurements of the viscosity of packed red cells appeared to detect a more specific abnormality of CC cells. Such measurements are thought to reflect the fluidity of the interior of the cell, for suspensions of particles which have a rigid interior are much more viscous than equally concentrated suspensions of red cells (21, 22) . Among the types of red cells which are reported to be more viscous than normal cells are HS spherocytes, cells which have been dehydrated by hypertonic solution, and sickled cells (25) (26) (27) . Cellular rigidity, in these instances, is probably produced by two different mechanisms. In the first two types of cell, rigidity can be ascribed to limitation of molecular motion by overly close packing (28) ; in the third, it can be attributed to limitation of motion imposed by abnormal molecular interaction (29, 30) .
The viscosity of CC cells was greater than that of normal cells, dehydrated normal cells or HS spherocytes, but less than that reported for sickled cells (Table VI) . Differences from the normal were exaggerated when MCHC was raised by sus-pension in hypertonic solution. Analysis suggests that increased viscosity is produced by both of the mechanisms outlined above. The MCHC of CC blood is unusually high (Table I) , at least as high as that reported for HS spherocytes (26) , and molecular packing is at least as tight (Table VI) . Abnormal molecular interactions also occur, for hemoglobin C forms crystals much more readily than hemoglobin A. The interactions appear to be weaker than those of hemoglobin S molecules, for the abnormal properties of that hemoglobin are evident in solutions containing less than 15 g/ 100 ml, rather than the 35 g/100 ml required for crystal formation (31) .
The MCHC at which the abnormal rigidity of CC cells becomes manifest is higher than that required for crystal formation in hemolysates, but lower than that required for formation of intraerythrocytic crystals. It seems likely that some "precrystalline" state of the hemoglobin in CC cells is responsible for the observed increase in their rigidity. Abnormal physical states of hemoglobin have been described in coarsely crenated normal red cells (32) and at least two other types of red cell, the deoxygenated sickle cell and the rat red cell suspended in cold citrate solution (33) . The techniques used to demonstrate the latter abnormalities have been applied to CC cells in the present study.
Both sickled cells and paracrystalline rat cells show anomalously small changes in volume when suspended in hyperor hypotonic solutions, as CC cells do (Fig. 13 ). However, decreased swelling or shrinking in all three types of cell does not necessarily reflect an altered physical state of intracellular hemoglobin. An increase in intracellular water bound to hemoglobin, a decrease in the activity of intracellular cations, or a rigid or leaky membrane could produce the same results (33) , and any of these mechanisms could apply to CC cells.
Sickled cells and paracrystalline rat red cells are also birefringent, but CC cells are not. In the sickled cell, birefringence is thought to reflect the presence of an oriented gel, for studies of X-ray scattering and heat of compression do not yield evidence of a crystalline state (34, 35) . On the other hand, in rat red cells, both types of study suggest a more orderly arrangement of molecules. In CC cells, absence of birefringence may have a different interpretation, for the hemoglobin crystals which form in hemolysates are also not birefringent. A possible interpretation of that finding is discussed below; studies of low-angle X-ray scattering and heat of compression have not been carried out with CC cells.
Hemolysates prepared from sickle cells, if deoxygenated, show a sharp increase in viscosity if the hemoglobin concentration is increased above about 13 g/100 ml (31) . The viscosity of CC hemolysates did not differ from normal hemolysates at hemoglobin concentrations below 35 g/100 ml. At higher concentrations, molecular interactions in CC hemolysates became evident quite abruptly ( Fig. 12) : viscosity began to increase, and the hemolysates crystallized. The viscosity of AA hemolysates did not increase as abruptly and crystals did not form in these hemolysates.
In the experiments discussed above, MCHC was raised in vitro by suspending cells in hypertonic salt solution. Some CC cells, the microspherocytes, have high MCHC in isotonic plasma. Their viscosity is higher than that of CC target cells and more than twice that of normal cells. They probably contribute disproportionately to the viscosity of unfractionated CC blood and appear to be produced by an exaggeration of the normal process of cell aging. As normal red cells age, they become more dense (13, 36) , their lipid content and volume decrease (14, 37) , and their MCHC rises, achieving levels of 36 g/100 ml or higher. These changes probably occur when parts of the red cell are torn loose during turbulent blood flow (38) , or during the remarkable deformations which occur in capillaries and sinuses (39) (40) (41) (42) . Fragmentation is only one of the means by which normal red cells are destroyed (43) (44) (45) (46) ; under usual circumstances, the cell is removed before fragmentation proceeds to the stage of microspherocyte formation.
Under abnormal conditions, microspherocytes are seen on blood smears from persons with normal hemoglobin. The disorders in which they are seen have in common a derangement of cell membrane metabolism which may be congenital, as in hereditary spherocytosis (47) , or acquired, as in autoimmune hemolytic anemia (48) . The microspherocytes of CC disease are smaller and more dense than those which are produced by a primary membrane abnormality, presumably because the process of fragmentation is accelerated and exaggerated by the abnormal hemoglobin. Initially, one may hypothesize that cell substance is lost at the same rate as in normal cells. As MCHC rises, the limit of solubility of hemoglobin C is exceeded, and the cell becomes rigid. It has greater difficulty traversing the microcirculation, more membrane and water are lost, and MCHC rises further. Bits of "precrystalline" hemoglobin may act like the denatured hemoglobin within Heinz bodies, increasing the rigidity of the cell to the point that they are torn out of the cell with their associated membrane (40, 42, 43, 49) .
As MCV falls and MCHC progressively increases, the cell becomes progressively more tightly packed with hemoglobin, leading to a "destructive feedback" mechanism of the type proposed by Weed and Reed (50) . Microspherocytes are destroyed as they attempt to traverse the microcirculation, either by fragmentation, phagocytosis, or as a result of their increased susceptibility to osmotic lysis (43, 46) . A few cells escape temporarily and it is within these that inclusions form as blood smears dry. After splenectomy, requirements for passage through the microcirculation become less stringent (51) , and more crystals are seen on blood smears (3). As in hemoglobin H disease, improvement in anemia may not be striking, probably because the liver is also capable of removing microspherocytes, if they have been severely damaged.
In the preceding discussion, the central feature responsible for microspherocyte production has been considered to be comparatively increased interaction between molecules of hemoglobin C. Hemoglobin C is less soluble than hemoglobin A at near-physiologic ionic strength, but is "salted in" with respect to hemoglobin A as ionic strength is increased. Intracellular crystallization of hemoglobin C is inhibited by high salt concentrations, if MCHC is high enough, and propane does not inhibit formation of crystals. The difference in primary structure between hemoglobin A and hemoglobin C is substitution of lysine for glutamic acid in the sixth residue of the 8-chain (52) . This reversed charge appears in a region which is known to be on the extrenal surface of the molecule (30, 53) . Alteration of charge, in this general area of the molecule, is known to affect crystal formation in at least one other hemoglobin: if histidine CD3a of horse hemoglobin is converted from the charged to the uncharged state by a change in pH, the crystal habit is altered (53) . Reversal of charge in hemoglobin C may shift the local molecular interaction from electrostatic repulsion to electrostatic attraction; the resulting change in interaction energy, at ionic strengths below 2.4, could account for the difference in solubility. Under these conditions, increased ionic strength would be expected to increase differentially solubility of hemoglobin C over that of hemoglobin A by damping out the electrostatic forces. Favorable spatial arrangement of positive charges on p-chains could result in crystal formation by interacting with appropriate negative charges on the a-chains of adjacent molecules. Short range intermolecular forces would contribute to crystallization in such a system as they do in other systems. Ponder considered intraerythrocytic inclusions of hemoglobin C as gels, rather than true crystals, because of their lack of birefringence (54) . Actually, that observation implies only isotropy and a low order of symmetry and is entirely compatible with an arrangement of tetragonal or higher symmetry (55) .
